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A cavity-free laser in the sky could lead to revolutionary improvements in optical remote 
sensing for atmospheric science. Abundant in air, nitrogen molecules are prime 
candidates as an active medium for such a laser. Nitrogen molecules, either neutral or 
singly ionized, exhibit a significant optical gain in the UV regime when pumped by an 
intense femtosecond laser.  Despite numerous works, the physical origin of this lasing is 
still not understood. Here we offer a consistent interpretation of all experimental facts by 
introducing a concept drawn from the field of quantum optics: transient lasing without 
inversion. Our experiments and simulations identify the crucial role of macroscopic 
coherence, instead of population inversion, in the nitrogen ions lasing system. 
Manipulating the macroscopic coherence provides a new level of control over nitrogen air 
lasing and offers new perspectives for the generation of very short wavelength laser where 
population inversion is difficult to achieve.   
 
Cavity free air lasing was first reported by Dogariu et al. when oxygen was pumped by 226 nm 
picosecond laser pulses [1]. This observation has caught the attention of many researchers since 
it could improve substantially single-end optical remote sensing in atmosphere [2-4]. Soon 
afterwards, it was reported that nitrogen molecules can also give rise to cavity free lasing action 
in ambient air [5-18]. In particular, intense and coherent forward emission around 391 or 428 
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nm with energy up to several microjoules was observed in atmosphere during filamentation of 
femtosecond laser pulses [10]. These lasing wavelengths correspond to transitions between the 
excited state uB
2  and ground state gX
2  of the singly ionized nitrogen molecule (see Figure 
1(a)). Pumped with the widely available high power femtosecond laser pulses at 800 nm, lasing 
of nitrogen molecules holds great potential for remote sensing application.      
 
Recent studies of optical amplification in nitrogen gas at low pressure where the complexity 
due to filamentation is suppressed reveal several unusual features [7, 8, 15]. If a femtosecond 
seed pulse at wavelength 391 or 428 nm is injected through the plasma in the wake of the pump 
pulse at 800 nm wavelength, an increase of the seed pulse energy by several orders of magnitude 
is observed (see setup in Figure 2(a) and results in Figure 3). Measurements of the amplified 
emission as a function of delay Δbetween the pump pulse and the UV seed pulse show that 
the amplification is maximum for Δ ~ 0 and then decreases for larger Δ, with a time constant 
of 1 - 10 ps, depending on gas pressure [8, 15]. Time-resolved measurements of the amplified 
emission time profile at fixed delay Δ = 0.3 ps show that the intensity of the seed pulse itself 
does not vary significantly when crossing the plasma. Instead, it triggers a retarded emission at 
the same wavelength, with a delay that decreases with increasing gas pressure (Figure 2(b) for 
setup and Figure 4(a) and 4(b) for results). The peak intensity of this retarded signal grows 
nearly like the square of the gas pressure while its duration and width decrease inversely 
proportional to the pressure [15]. Enhanced forward emission at 391 nm, although weaker, is 
observed even in the absence of any external seed pulse [9, 14]. In this case, the emission 
intensity shows a remarkable sensitivity to the pump pulse duration and wavelength: rapid 
cyclic variations are observed in a small range of tuning of the pump pulse wavelength around 
800 nm, with a cycle that depends on pulse duration [20]. Finally, the emission intensity at 391 
nm (measured in the absence of a seed) depends sensitively on the pump pulse ellipticity [15, 
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21]. Starting with a linearly polarized pump, it first slightly increases with ellipticity until it 
reaches a maximum around ellipticity  at which point it decreases and disappears 
above. 
 
Different models have been proposed to explain these results but none addresses them in their 
totality [7, 12-18]. Two aspects are particularly challenging. First, how can one explain the 
optical amplification between uB
2
 and gX
2 states under the given pumping conditions? 
Second, how can one explain a delayed growth of the amplified emission (Figure 4(a) and 4(b))? 
Some models concentrate on an explanation of amplification based on population inversion 
between uB
2
 and gX
2  states, but ignore the delayed aspect of amplification. Either inversion 
of electronic population, or transient inversion of rotational populations (without inversion of 
electronic populations) have been proposed [13, 14, 17, 18]. Another model attributes the 
delayed emission to recollision-induced superradiance but fails to address the origin of optical 
gain [15, 16].  
 
Recently Svidzinsky, Yuan and Scully predicted that a strong retarded amplification of a seed 
pulse should occur even in the absence of population inversion in a so-called V scheme, where 
two excited states of an atom or molecule are simultaneously coupled by two resonant fields to 
a common lower state [19]. The levels of the nitrogen ion in Figure 1b show how, in our system, 
such a V scheme can be realized by resonant coupling of state gX
2  to state uB
2
 and the 
intermediate state
uA 
2 of the molecular ion.  
 
We have obtained experimental evidence for a coherent coupling between gX
2  and 
uA 
2
states induced by the femtosecond pump pulse at 800 nm and lasting for several picosecond in 
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the following manner (see Figure 2(c) for experimental setup). We injected a second weaker 
femtosecond pulse at 800 nm after the main 800 nm pump pulse, and measured the output 
forward emission at 391 nm as a function of the delay between the two pump pulses. A 
pronounced modulation with a period corresponding to the gX
2 -
uA 
2  transition was observed 
by fine tuning the delay around several fixed values up to 5 ps (see Figure 5(a)-(c)). The 
observed fringes are not due to field interference between the two pump pulses because their 
time separation largely exceeds the pulse duration. Rather, they arise from the interference of 
the second injected pulse field with the field induced by the long-lived polarization generated 
by the first pulse. Similarly, the coherence between gX
2 and uB
2  states was recently revealed 
by injecting two delayed seeding pulses around 390 nm [23]. At the same time, it was noticed 
that the sideway fluorescence, which is proportional to the population in the upper uB
2  state, 
does not present any visible change, see Figure 5(d). 
 
Adopting the approach of Svidzinsky et al. [19], we have simulated the uB
2
→ gX
2  
amplification process by numerically solving the Maxwell-Bloch equations with parameters of 
the experiments (see Supplemental Material). The Bloch equations describe the dynamics of 
both the populations and optical coherences by coupling the evolution of the laser fields at 391 
and 800 nm with the dipoles induced by these fields, while Maxwell equations describe the 
fields’ propagation. An exponentially decaying coherence between gX
2  and 
uA 
2  states with 
a time constant t = 5 ps and an intensity 10-6 of the pump pulse peak is introduced, in order to 
take the results of Figure 5 into account. 30% of the molecular ion population is assumed in the 
uB
2  state after the excitation by 800 nm pump pulse, due to direct and recollision-assisted 
transfer from the neutral ground state of the molecule. However, this number is not critical and 
similar results were obtained with a smaller population of 10%. Representative results are 
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shown in Figure 4(d) and 4(e). As can be seen, the seed pulse triggers a strong delayed amplified 
emission, despite the lack of population inversion between uB
2
 and gX
2 states. Simulations 
with varying gas pressure in the range p = 5-120 mbar show a seed peak intensity amplification 
and an emitted pulse duration scaling like p2.2 and p-1.1 in close agreement with experimental 
results with p2.7 and p-1.2, respectively (see Figure 4(c) and 4(f)).  
 
Besides reproducing the retarded amplified emission and its pressure dependence, the V 
coupling model explains other experimental facts. Gain is expected to disappear if the pump 
wavelength is detuned from the gX
2  -
uA 
2  resonance. This was indeed observed in recent 
experiments performed with a pump laser tuned around 1.6 and 1.9 µm [13]. In that case, an 
injected seed pulse is not amplified, although intense 391.4 nm emission line is observed when 
the uB
2
 - gX
2  transition frequency BX corresponds to a multiple of the pump pulse 
frequency [13]. The V coupling model also sheds light on the origin of the sensitivity of gain 
to the fine tuning of the pump wavelength around 800 nm that was reported recently [20]. We 
recall that this effect is observed in the absence of a seed pulse. In that case, the uB
2
 - gX
2  
coherence normally created by the seed pulse is replaced by a coherent polarization induced by 
recollisions, at twice the pump frequency, as discussed in Ref. [20]. Slight pump wavelength 
detuning around the resonant value 2p = BX results in phase mismatch between the collision-
induced polarization and the transition frequencyBX, leading to cyclic variation of the gain. 
Finally, the strong decrease of the gain upon increasing pump pulse ellipticity (observed in the 
absence of a seed pulse) derives naturally from the electron recollision model [24, 25], since 
with circularly polarized pump light, free electron trajectories miss the molecular core, 
preventing recollisions and therefore suppressing the required coherent polarization between 
uB
2
 and gX
2  states.  
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At this point, we would like to stress the difference between the current V scheme model and 
previous three-level models [13, 14]. There, the authors attribute the gain to a population 
inversion between the electronic levels uB
2
 and gX
2 [13, 14]. In our case, no net population 
inversion is necessary, the gain results from the coherences uB
2
 - gX
2  and 
uA 
2
 -
gX
2 . It 
should nevertheless be pointed out that our V coupling model is still incomplete in the sense 
that the molecular aspect of the nitrogen ion emitters is not included. As discussed by Azarm et 
al. [17] and by Kartashov et al.  [18], an additional possibility of gain enhancement exists 
stemming from laser-induced rotation of molecules by the pump pulse. 
 
In conclusion, we have presented a model based on the coherent coupling between two 
resonances that allows solving a longstanding puzzle, the emergence of an important delayed 
gain in a gas of nitrogen molecules or air pumped by a short intense laser pulse at 800 nm. This 
model benefits from the perceptiveness of previous authors, who recognized the crucial role of 
intermediate state (
uA 
2 ). We also showed the role played by recollisions: it provides one of 
the coherences required for the V coupling in the absence of injected seed pulse. We believe 
that amplified emission without population inversion could occur in other molecular or atomic 
gases when a short and intense pump pulse has its wavelength resonant with a transition 
between levels of the ionized atoms or molecules, which may provide solutions for making 
lasers in the extreme UV or even X-ray regime where population inversion is hard to achieve.  
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Figure 1 
 
 
Figure 1 | Energy levels of nitrogen molecules and the V scheme.  (a),  Schematic representation of 
relevant energy levels of nitrogen molecules in function of internuclear distance Q. gX
1  refers to the 
ground state of the neutral molecule, gX
2 , 
uA 
2
, 
uB
2
 are the first three levels of the singly ionized 
molecule. (b), Schematic representation of the V scheme in the case of nitrogen ions. Ascending arrow 
represents the input pump pulse, blue descending arrow the emitted pulse around 391.4 nm. Dashed 
curves represent the gX
2 -
uA 
2  and gX
2 - uB
2  coherences.  
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Figure 2 
 
 
 
Figure 2 | Experimental setup. (a), Experimental set-up for the measurement of the optical 
amplification. The pump pulse at 800 nm has a pulse duration of 40 fs and energy of 2 mJ. The seed 
pulse around 392 nm is obtained by second harmonic generation in a slightly phase mismatched BBO 
crystal. Both seed and pump pulses are focused with a lens of focal distance f = 40 cm (NA = 0.04) in a 
1 m long gas chamber filled with nitrogen gas or air at different gas pressures. The delay between pump 
and seed pulse can be varied. The transmitted pump pulse is rejected by filters. The amplified emission 
is sent through a fiber spectrometer.  (b), Setup for the time-resolved measurement of the forward 391 
nm emission. Pump and seed pulse characteristics are as above in (a). The amplified emission emerging 
from the gas chamber is transmitted through a dichroic mirror and filters that reject 800 nm light and is 
mixed in a BBO crystal with a weak 40 fs pulse at 800 nm (pulse energy ~ 50 µJ) of variable delay to 
yield a sum frequency signal at 263 nm. The signal at 263 nm is detected by a fiber spectrometer. (c), 
Two successive pulses at 800 nm with typical energy of 2 and 0.1 mJ and 40 fs pulse duration are 
focused with a f = 40 cm lens in a chamber filled with nitrogen gas at a pressure of 8 mbar. The output 
signal around 391 nm is detected as a function of fine tuning of time delay  between the two 800 nm 
pulses.  
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Figure 3 
 
Figure 3 | Optical amplification. The 800 nm pump pulse generates a relatively weak 391.4 
nm emission (gray). With the injection of the seeding pulse (blue), the emission is significantly 
amplified (red). The delay between pump and seed pulses is 300 fs in this experiment. The nitrogen gas 
pressure was 15 mbar. For ease of comparison, the seed signal (blue) and the emission created by the 
pump pulse only (gray) are multiplied by a factor of 10. 
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Figure 4 
 
Figure 4 | Comparison between experiments and simulations. The amplified seed signals obtained 
from experiments (left) and simulation (right) are compared for two nitrogen gas pressures p = 7.5 ((a), 
(d)) and p = 15 mbar ((b), (e)). (c) and (f), Comparison between the measured and calculated dependence 
of the peak intensity and temporal width of the amplified emission on the gas pressure.  
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Figure 5 
 
 
Figure 5 | Excitation with a pair of 800 nm pulses. (a), Spectrum of the forward emission as 
a function of the time delay  in the vicinity of 1 ps. (b) and (c), Intensity of the 391.4 nm 
spectral component for fine tuning of the time delay around  ps and 3 ps. (d), Sideway 
fluorescence at 391.4 nm measured in the same condition as in (c). 
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Supplementary Materials 
The whole process of coupling of three electronic states by two resonant electromagnetic fields is 
described by Maxwell-Bloch equations in the slowly-varying envelope approximation. The equations 
for the electric field amplitudes Ea and Eb, corresponding to the uA 
2 - gX
2  and uB
2  - gX
2  
transitions, the three polarization amplitudes, ρax, ρbx, ρba, and three populations na, nb and nx read, 
respectively: 
𝑐𝜕𝑧Ω𝑎 = 𝑖
𝜔𝑎𝑥𝑁𝑖𝜇𝑎𝑥
2
ℏ𝜀0
𝜌𝑎𝑥;    𝜕𝜏𝜌𝑎𝑥 = −𝛾𝑎𝑥𝜌𝑎𝑥 −
𝑖
2
(𝑛𝑎 − 𝑛𝑥)𝛺𝑎 −
𝑖
2
𝜌𝑏𝑎
∗ 𝛺𝑏      (1) 
𝑐𝜕𝑧Ω𝑏 = 𝑖
𝜔𝑏𝑥𝑁𝑖𝜇𝑏𝑥
2
ℏ𝜀0
𝜌𝑏𝑥;    𝜕𝜏𝜌𝑏𝑥 = −𝛾𝑏𝑥𝜌𝑏𝑥 −
𝑖
2
(𝑛𝑏 − 𝑛𝑥)𝛺𝑏 −
𝑖
2
𝜌𝑏𝑎𝛺𝑎  (2) 
𝜕𝜏𝑛𝑎 = −Im(𝜌𝑎𝑥
∗ 𝛺𝑎); 𝜕𝜏𝑛𝑏 = −Im(𝜌𝑏𝑥
∗ 𝛺𝑏);   𝜕𝜏𝜌𝑏𝑎 = −𝛾𝑏𝑎𝜌𝑏𝑎 +
𝑖
2
𝜌𝑎𝑥
∗ 𝛺𝑏 −
𝑖
2
𝜌𝑏𝑥𝛺𝑎
∗   (3) 
Here, the terms 𝛾𝑖𝑗 describe the spontaneous decay rates of the excited states,  𝛺𝑎,𝑏 = 𝜇𝑎,𝑏𝐸𝑎,𝑏/ℏ are 
the corresponding Rabi frequencies, 𝜏 = 𝑡 − 𝑧/𝑐 is the co-propagation time, ℏ is the Planck constant, 
𝜀0 is the dielectric permittivity of vacuum, ax andbx  are the dipole moments corresponding to uA 
2
 - 
gX
2  and uB
2  - gX
2  transitions, respectively, and 𝑁𝑖 is the density of ion molecular ions. The last 
terms in the second equations in (1) and (2) account for the quantum interference between states 
uA 
2  
and uB
2  via the cross polarization ba. 
 
Maxwell-Bloch equations are solved in dimensionless units by introducing the characteristic time of the 
system response 𝑡𝑁 = (ℏ𝜀0/𝜔𝑎𝑥𝑁𝑖𝜇𝑎𝑥
2 )1/2 , length 𝑧𝑁 = 𝑐𝑡𝑁  and the characteristic electric field 
amplitudes 𝑒𝑎,𝑏 = 𝛺𝑎,𝑏𝑡𝑁. The coupling between the uA 
2
 - gX
2  and uB
2  - gX
2  transitions is 
characterized then by a dimensionless coefficient 𝑟 = 𝜔𝑏𝑥𝜇𝑏𝑥
2 /𝜔𝑎𝑥𝜇𝑎𝑥
2 , which is 16.3 for the nitrogen 
molecular ions. For a gas pressure of 30 mbar the typical density of nitrogen molecular ions is Ni ~ 1017 
cm-3, which corresponds to a characteristic field amplitude 𝐸𝑁 = ℏ/𝜇𝑎𝑥𝑡𝑁 ≅ 50 MV/m, or intensity 300 
MW/cm2, characteristic time 𝑡𝑁 ≅ 1 ps and length 𝑧𝑁 ≅ 0.3 mm. We assume a fraction nb ~ 30% of 
nitrogen molecular ions to be in the state uB
2 .   
 
In the simulation results presented in Figure 4, a nitrogen plasma of 1 cm length is produced by a pump 
pulse at the wavelength of 800 nm. It is close to the vibrational transition )3(2  uA - ）1（
2  gX
at the wavelength 805 nm (R2 branch). The main pulse is followed by an exponentially decaying 
coherent field of intensity ~ 300 MW/cm2 with a time constant of 5 ps. A seed pulse of 0.1 ps duration 
arrives 0.5 ps after the main pulse. The seed intensity is 100 times smaller than the intensity of the 
decaying coherent field and the injected seed energy is 6 orders of magnitude smaller than the energy 
stored in the uB
2  level. 
